Objectives: The aim of this study was to relate changes in energy expenditure and growth in infants with congenital heart disease (CHD), to the timing of corrective cardiac surgery. Methods: Prospective cohort study of infants less than 1 year with CHD admitted for cardiac surgery to Royal Children's Hospital, between January to September 2005. Infants were assessed using anthropometry and indirect calorimetry and compared to healthy age-matched controls. Results: Infants (38) underwent corrective (n ¼ 25) or palliative (n ¼ 13) cardiac surgery either at p10 days or at 410 days. Infants undergoing corrective surgery after 10 days had deficits in z-scores for weight compared with infants undergoing early surgery (À1.15 ± 1.02 vs À0.24 ± 0.98; CI 95%: À1.736 to À0.085; Po0.05) and height (À1.47 ± 1.16 vs À0.12 ± 0.66; CI 95%: À2.262 to À0.428; Po0.01). However, 6 months following surgery, weight and height were similar in both groups. Resting energy expenditure was increased before surgery compared to healthy controls (247 ± 36 vs 210 ± 22 kJ kg À1 day À1 ; 95% CI: À57.29 to À16.71; Po0.001) however, normalized 1 week following cardiac surgery. Standard equations did not accurately predict measured REE. Conclusion: Increased REE observed in infants with CHD normalizes within 1 week following corrective cardiac surgery. Deficits in weight and growth were greater in infants undergoing corrective cardiac surgery410 days of age compared with infants undergoing surgery in the first 10 days of life.
Introduction
Disturbance in energy balance is a major limiting factor for growth, and cognitive and motor development (Wells, 1998) . During episodes of acute illness or in chronic diseases, even previously healthy children may rapidly develop energy deficiencies due to a high metabolic rate and limited endogenous substrate reserves (Witte, 1996) . Infants with congenital heart disease (CHD) are particularly at risk of energy imbalance. Three explanations are considered: energy intake is inadequate, the ingestion or absorption of nutrients must be impaired, or the metabolic demands of the child must be abnormally high. The combination of all three factors seems to be most likely (Mitchell et al., 1994) . In general, infants with CHD have a normal weight for gestational age at birth but develop nutrition and growth problems in early infancy (Krovetz, 1963; Naeye, 1967; Bayer and Robinson, 1969; Krieger, 1970; Huse et al., 1975) . Early surgical correction or palliation is often the most efficient way of improving the nutritional status of these infants by eliminating cardiac factors contributing to malnutrition. Unfortunately, there are only limited data to guide timing of surgery and nutritional support of children with CHD.
The aim of this study was to relate changes in energy expenditure and growth in infants with congenital heart disease, to the timing of corrective cardiac surgery. This may provide data to assess the value of early surgical correction in children with CHD in an attempt to improve nutritional and growth outcome.
Methods

Patients and controls
This is a prospective cohort study of infants admitted for cardiac surgery to Royal Children's Hospital, Melbourne with CHD o1 year of age between January and September 2005. Patients were categorized according to their underlying heart defect and type of surgery (corrective/palliative) by a pediatric cardiologist (DJP). Patients with chromosomal or extracardiac malformations were excluded from the study (Ackerman et al., 1998) . Due to potential technical difficulties in measurements of resting energy expenditure, infants weighing less than 3 kg, receiving medications that may influence energy expenditure, or those requiring mechanical ventilation or supplemental oxygen for more than 7 days in the post-operative period were excluded for assessment of resting energy expenditure. In addition, a control group of 23 healthy infants (14 males) were recruited from community-based Maternal Child Health Centers in Melbourne and studied at ages 3-13 (mean, 9 ± 3) weeks.
Anthropometry
Infants were weighed naked on infant scales (Seca electronic scale; accuracy±10 g) and recumbent length was measured using a measuring board within 1 week of surgery. Six months after cardiac surgery weight and height measurements were obtained from outpatient medical records or Maternal and Child Health Data. Z-scores were calculated (SDCalc: version 1, Ray Williams Institute of Paediatric Endocrinology, Diabetes and Metabolism, New Children's Hospital, Parramatta NSW, Australia).
Energy expenditure
Resting energy expenditure (REE) was measured in a quiet room using a Deltatrac I Metabolic Monitor (Datex Instrumentarium Corp, Helsinki, Finland) with the pediatric mixing chamber and infant Perspex hood. Prior to each measurement the monitor was warmed for minimal 1 h and gas calibration with a standard gas of a known composition was undertaken (95% O 2 , 5% CO 2 ). Temperature in the room was monitored but not controlled. Infants were not fasted and allowed to sleep supine. Oxygen consumption and carbon dioxide production were measured each minute for 30 min or until the infant awoke (minimum 13 min stable reading achieved in 11/11 patients; median: 25.5 min, range, 13-69 min). REE was defined as the mean energy expenditure of the lowest consecutive 5 min during the study (Butte et al., 1990 ). Predicted basal metabolic rate then was calculated using both the Schofield and the Altman & Dittmer equations (Altman and Dittmer, 1968; Schofield, 1985) .
Arterial blood saturation and pulmonary flow Study participants were categorized according to their arterial blood saturation measured during cardiac ultrasound or catheter. Cyanotic patients were defined as having an arterial blood saturation of p85%. Patients were also divided into four groups (high, low, normal, labile) on the basis of pulmonary flow measurements taken at cardiac catheter.
Ethics
This was approved by the Human Ethics Committee of the Royal Children's Hospital, Melbourne (EHRC 24033A). The parents of each child provided written informed consent after receiving information and explanation of the study's purposes and procedures.
Statistical analysis
Statistical analysis was performed using Graph Pad InStat (V3. 05 for Windows 95/NT, Graph Pad Software, San Diego, CA, USA). Continuous variables with normal distributions were compared by Student's t-tests (paired for repeated measurements in the same patient, unpaired for measurements comparing groups). Statistical significance was accepted if the two-tailed t-test resulted in a P-value less than 0.05. Bland and Altman statistical method for assessing agreement between two methods of clinical measurement was used to test the accuracy of predictive equations Altman, 1986, 1995) .
Results
During the study period 108 (61 males; 47 females) infants underwent cardiac surgery at the Royal Children's Hospital, Melbourne. Seven had associated syndromes (Down's syndrome (n ¼ 6), other chromosomal aberration (n ¼ 1)) and were excluded from final analysis. Another 10 infants were excluded as they had extracardiac malformations (isolated coarctation (n ¼ 10)). Eligible subjects (50 males; 41 females; median age: 16 days, range, 0-352 days) are summarized in Table 1 , according to their underlying heart defect and if surgery performed was corrective (n ¼ 63; 69%) or palliative (n ¼ 28; 31%). Seven children in the palliative group died p6 months (25% of the palliative group; 7.7% of the total cohort), but there were no deaths in the children undergoing corrective surgery. The median age at surgery varied among the diagnostic groups: patients with transposition of the great arteries, functionally univentricular heart and multiple malformations underwent surgery generally early in life (n ¼ 68; median 5.0 days, range, 0-349 days), whereas patients with tetralogy of Fallot and ventricular septum defect underwent surgery much later (n ¼ 23; median 147 days, range, 0-352 days).
Energy expenditure in pediatric heart disease A Nydegger et al Nutritional assessment was performed in 38 patients (42%) of all eligible subjects (22 males; 16 females; median age: 5.5 days, range, 0-352 days); Table 2 . Patients were excluded if they did not meet the study entry criteria (n ¼ 17 out of 108), died during the study period (n ¼ 7 out of 91), consent was not obtained (n ¼ 26 out of 91) or the patient was not referred to a dietitian pre-operatively (n ¼ 20 out of 91) (Figure 1 ). Successfully paired measurements of REE both pre-and post-operatively was obtained in 11 patients (six males; five females; median age: 94 days, range, 1-352 days). Failure to obtain paired measurements was due to poor patient co-operation (n ¼ 5), parental concern (n ¼ 1), or medical reasons (supplemental O2-therapy and/or mechanical ventilation 4 1 week post-operatively n ¼ 1, medication that interferes with indirect calorimetry n ¼ 1) (Lucron et al., 2005) .
At the time of admission for cardiac surgery, deficits in weight and height, were observed in infants who underwent corrective or palliative cardiac surgery after 10 days of age (n ¼ 14; median age: 116 days, range, 29-352 days) when compared with infants undergoing surgery in the first 10 days of life (n ¼ 24; median age: 3.1 days, range, 0-10 days) (Weight z-scores: À1.13±0.94 vs À0.40±1.36; CI 95% of the difference: À1.569 to 0.104; NS; Height z-scores: À1.39±1.09 vs À0.65 ± 1.46 ; CI 95% of the difference: À1.742 to 0.262; NS). Infants undergoing corrective surgery after 10 days had significant deficits in z-scores for weight and height, compared with infants undergoing early surgery (surgery at 410 days vs surgery at p10 days: z-score weight: À1.15±1.02 vs À0.24±0.98; CI 95%: À1.736 to À0.085; Po0.05); z-score height: À1.47 ± 1.16 vs À0.12 ± 0.66; CI 95%: À2.262 to À0.428; Po0.01). However, by 6 months after cardiac surgery weight and height for age were similar in both groups (Figure 2) . With respect to the small number of patients, there was no significant difference in z-score for weight or height pre-operatively and 6 months postoperatively when infants were categorized according to their cardiac lesion (Table 2 ).
Resting energy expenditure was increased before cardiac surgery compared to healthy controls (CHD n ¼ 11; mean REE ± SD: 247 ± 36 vs controls n ¼ 23; mean REE ± SD: 210 ± 22 kJ kg À1 day
À1
; 95% CI: À57.29 to À16.71; Po0.001) (Figure 3 ). One week following cardiac surgery REE decreased significantly to normal levels (Pre-operative (Figure 3 ). This decrease in REE occurred in all patients regardless of age at operation, underlying heart defect, arterial blood saturation, pulmonary flow, or gender but was statistically not significant.
Before the operation there is less systematic difference of the mean when the Altman and Dittmer equation was used, whereas the same is reflected for the Schofield equation within 1 week after the operation.
Discussion
Although disturbances in energy balance and growth are recognized in infants and children with congenital heart disease, the current literature is difficult to interpret due to small patient numbers with measurements reported in diverse patient groups, with respect to the type and severity of cardiac lesion, age at operation and genetic or prenatal factors (Nydegger and Bines, 2006) . Also the lack of controls and standardization in the timing and methods of energy measurements make comparability between studies problematic (Gebara et al., 1992; Barton et al., 1994; Mitchell et al., 1994; Ackerman et al., 1998; Leitch et al., 1998 Leitch et al., , 2000 Farrell et al., 2001; Avitzur et al., 2003; van der Kuip et al., 2003) . This is the first study to relate changes in energy expenditure and growth in children with CHD to the timing of corrective cardiac surgery. The age and timing of corrective surgery may affect the potential for growth and nutritional recovery in infants with CHD. However, any nutritional benefits must be balanced against any increase in intra-and post-operative risks of surgery in small infants. Our data suggest that deficits in weight and height are less in infants who undergo cardiac surgery in the first 10 days of life compared to infants undergoing surgery after the newborn period.
Increased REE has been previously reported in infants and children with CHD and is thought to reflect the increased energy demands of hypertrophied cardiac muscle, respiratory muscles, the sympathetic nervous system and hematopoietic tissue (Pittman and Cohen, 1964; Lees et al., 1965) . This study not only confirms increased REE in infants with CHD, but extends these findings by observing that increased REE normalizes within a week of corrective cardiac surgery.
The normalization of REE occurred in all measured patients regardless of the age at operation, underlying cardiac defect and abnormalities in pulmonary flow and oxygen saturation. In this study, we chose to measure infants 1 week following their surgical procedure to minimize the impact of post-surgical stress and medications that may influence energy metabolism (Aukburg et al., 1985) . The immediate post-operative period may be characterized by a hypermetabolic state and negative nitrogen balance (Coss-Bu et al., 2001) . Under these circumstances, fat is preferentially used for oxidation and carbohydrates tend to be poorly metabolized (Coss-Bu et al., 1998) . Within 24 h following cardiac surgery infants with CHD have been found to have a lower total and resting energy expenditure than that predicted in normal, healthy age-matched infants (Mitchell et al., 1994) . However, these results may reflect technical difficulties encountered when measuring REE using indirect calorimetry in ventilated infants with uncuffed tubes and/or the effect of anesthetic gases, sedation or medications. Similarly measurement of total energy expenditure using the doubly-labelled water method is problematic in infants with the changing fluid status which commonly occurs in the immediate post-operative period (Aukburg et al., 1985) . Energy expenditure in pediatric heart disease A Nydegger et al Consistent with our observations, Avitzur et al. (2003) observed that REE returned to pre-operative levels within 5 days of surgery, with no differences observed in infants with cyanotic and acyanotic cardiac lesions . By 5 years of age, children with surgically corrected CHD have normalized previously increased total energy expenditure within the first week postoperatively (Leitch et al., , 2000 . This is mirrored by a recovery in nutritional status. In this study, we excluded infants with chromosomal abnormalities or treatments that may influence energy expenditure or the measurement of energy expenditure using indirect calorimetry. Despite this, we found a wide range of individual measurements. This observation underscores the clinical value of measurements of energy expenditure using indirect calorimetry to estimate energy requirements.
In summary, infants with CHD have increased REE prior to corrective heart surgery when compared to healthy control infants. This increase in REE normalized within 1 week following cardiac surgery. Deficits in weight and height are observed in infants with CHD who undergo cardiac surgery after the newborn period when compared to infants undergoing surgery in the first 10 days of life. However, 6 months after surgery growth and weight is similar in both groups. Equations used to predict energy expenditure were not accurate in infants with CHD and measurement of REE using indirect calorimetry provided a better method as a basis to establish nutritional intervention.
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Before After Postoperative Controls Figure 3 Comparison of resting energy expenditure between patients before, after corrective heart surgery and controls.
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